Plasmonic dimer nanoantennas can significantly boost the electric field strength in the gap region, allowing for a modification of the feed gap geometry by femtosecond laser illumination. Using resonant bowtie antennas to enhance the electric field of a low-fluence femtosecond oscillator, here we experimentally demonstrate highly localized reshaping of the antennas, resulting in a self-optimization of the antenna shape. From high-resolution scanning electron micrographs and two-dimensional energy dispersive x-ray maps, we analyze the near-field enhanced subwavelength ablation at the nanotips and the resulting deposition of ablated materials in the feed gap. The dominant ablation mechanism is attributed to the nonthermal transient unbonding of atoms and electrostatic acceleration of ions. This process is driven by surface plasmon enhanced electron emission, with subsequent acceleration in the vacuum. This ablation is impeded in the presence of an ambient gas. A maximum of sixfold enhancement of the third-harmonic yield is observed during the reshaping process.
INTRODUCTION
Field enhancement by plasmonic nanoantennas promises access to strong-field nonlinear optics with high-repetition-rate nanojoule oscillator sources, including field-driven photoemission of electrons as well as generation of nonperturbative high harmonic generation (HHG) and incoherent deep-ultraviolet radiation [1] [2] [3] [4] [5] [6] . The plasmon-assisted HHG from gas atoms is challenging [7] , because first, the small volume of near-field enhancement limits the build-up of a coherent process, and second, the gold nanostructures do not withstand a strong laser field. Nevertheless, it has recently been reported that HHG can be emitted from bulk crystals with lower peak intensity with respect to gaseous media [8] . Meanwhile, the atom density of solids is typically 3 orders of magnitude greater than that of gases. Hence plasmonic-nanoantenna-assisted HHG is now attracting interest again, but from a crystalline solid state substrate instead of injected gases [9, 10] . The HHG process typically requires a peak intensity above 10 13 W∕cm 2 . At this intensity level, strong-field effects, such as surface nonthermal melting [11] , nanoparticle reshaping [12] , and ablation [13] , accompanied by electron excitation and emission start to play an important role. These processes may change the morphology of the nanoantennas and thus influence the harmonic conversion efficiency. Therefore, in order to optimize the surface plasmon enhanced harmonic generation, it is crucial to investigate the modification of plasmonic metamaterials under the illumination of a femtosecond laser.
In this paper, we experimentally demonstrate a self-organized modification of gold bowtie nanoantennas during harmonic generation. Localized near-field enhanced ablation at the nanotips as well as a rearrangement of material in the antenna hotspots is observed. It is shown that the modification of plasmonic nanoantennas through the irradiation of a femtosecond laser enables an additional boost of the harmonic conversion efficiency. Although the gaseous medium cannot support harmonic generation for our conditions, we found that it can be used to inhibit the ablation process.
EXPERIMENTS AND METHODS
Properly adjusting the bowtie geometry, skin layer currents in the side faces resonantly interact with the oscillating 820 nm driver field [ Fig. 1(a) ]. For the operating conditions of our mode-locked Ti:sapphire oscillator, a field enhancement factor of up to 20 is expected at the apex, enhancing the maximum field strength from incident 1.4 V/nm to 28 V/nm (0.25-100 TW∕cm 2 ). The bowties are manufactured by focused ion beam milling on a sapphire substrate. Between the gold film and sapphire substrate, there is a 3-nm chromium layer to promote adhesion. The length and apex angle of a single gold triangle nanostructure are 175 nm and 30°, respectively. The dimers have a thickness of 135 nm and a gap size of 10 nm. The laser pulses from a femtosecond oscillator with a repetition rate of 100 MHz, energy of 0.8 nJ, and duration of 8 fs are tightly focused by an off-axis parabolic mirror onto an array of gold bowtie dimers. A pair of fused silica wedges and doublechirped mirrors are utilized to compensate the dispersion introduced by the air, the 0.4-mm sapphire substrate, and the 2-mm calcium fluoride optical window of the vacuum chamber. The focal length of the parabolic mirror is 20 cm. The laser polarization is parallel to the dimeric orientation. These nanostructures were arranged in square arrays of 12 μm × 12 μm, with a spacing of 500 nm in the x direction and 200 nm in the y direction. The field in the antenna gap (optical hot spot) is significantly amplified, leading to a dramatic enhancement of the third harmonic generation (THG) from the hot spot of the substrate surface [14] . The focal spot of the incident laser on the bowties has a diameter of 7 μm. This results in the simultaneous emission of THG from approximately 250 of the individual antennas, which is collected and measured by a toroidal grating combined with a photo multiplier. The sample is placed in a chamber with controllable pressure. We conducted a series of experiments, focusing our laser onto the antenna arrays both in vacuum and in nitrogen at ambient pressure.
EXPERIMENTAL RESULTS
First, placing the antennas in vacuum (10 −3 mbar), we monitored the surface-plasmon-enhanced THG for sensing [15] the modification of the nanoantennas in real time [ Fig. 1(b) ]. Within 6 min, the signal rapidly decreased under continuous irradiation. After ∼7 min, we translated the laser to irradiate a fresh antenna array. The THG recovered to its initial maximum, and then decreased again. Expanding the time axis [squares in Fig. 1(b) ], we find that the THG signal increases within the first 15 s on a new position [Figs. 1(c) and 1(d)] before the degradation process sets in. This finding suggests that structural modification does not necessarily have a detrimental effect on the antenna function, but may also lead to a self-optimization and efficiency increase. Comparing the scanning electron microscopy (SEM) image of a pristine antenna pair [ Fig. 2(b) ], an evident change in the gap region is observed [ Fig. 2(a) ]. This observation implies that the observed ablation is closely related to the near-field enhancement.
For a deeper analysis of the chemical composition of the ablated material, a two-dimensional high-resolution energydispersive x-ray spectroscopy (EDX) measurement was performed in the gap of the irradiated antennas We repeated the THG measurements using fresh antennas in atmospheric nitrogen [Figs. 4(a) and 4(b)]. In strong contrast to vacuum conditions, the signal is observed to rapidly increase over time up to 10 min. We performed experiments at different pulse durations to further understand this remarkable self-optimization process. Figure 4 (c) compares the temporal evolution of THG from two arrays illuminated with the same average power yet different pulse durations of 8 and 16 fs. We can see that the increase of pulse duration leads to a slower THG growth rate, indicating a gentler reshaping process. This finding further confirms that the structural modification of the antennas is caused by an optical effect, which depends on the peak intensity rather than on the average power-dependent plasmonic heating. 
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In atmospheric nitrogen, the THG peaks after 25 min of illumination. Subsequently, it decreases slowly for 125 min until reaching a saturation that is still 50% higher than the initial flux [ Fig. 4(d) ]. The gradual reduction of THG implies that an ablation of the tips is occurring. Nevertheless, it is noticeable that the THG attenuation rate in nitrogen [ Fig. 4(d) ] is about 20 times slower than that of the vacuum [ Fig. 1(b) ], which verifies the inhibition of atom removal by nitrogen. Figure 4 (e) and 4(f ) show SEM images of the antennas after an illumination of 10 and 165 min, which are zoomed in Fig. 4(g)(II, III) , respectively. It is evident that at an early stage reshaping only occurs at the apex, but eventually expands further outward after long-term exposure. This observation confirms again that the ablation is caused by a nonlinear optical effect and starts from the highest field region.
DISCUSSION
The mechanisms of femtosecond laser ablation have been well established in the past decade [16, 17] . The incident laser penetrates into the skin layer and transfers some part of its energy to the electrons [ Fig. 5(a) ]. Energetic electrons may escape from the surface, subsequently pulling out charged ions via electrostatic interaction (gentle ablation), or the electrons may transfer their thermal energy to the surrounding lattice by diffusion, giving rise to a thermal phase explosion (strong ablation) [18] [19] [20] [21] . Thus, depending on the laser fluence, one can identify two ablation regimes. For a gold target irradiated by a Ti:sapphire laser, the dominant process is found to be the electrostatic (gentle) ablation for laser fluences lower than 5 J∕cm 2 , and strong ablation is dominant at higher fluences [22] . In our experiments, considering the maximum enhanced laser fluence in the feed gap to be 0.8 J∕cm 2
[ Fig. 5(b) ], we believe that the observed damage of bowtie tips can be solely ascribed to the gentle ablation mechanism.
Due to the ultrashort pulse duration of 8 fs in our experiments, the peak intensity at the bowtie tips exceeds 10 14 W∕cm 2 , corresponding to an electric field strength of 28 V/nm. At this intensity level, nonlinear optical effects such as electron excitation, photoionization, and electron emission are significant during the pulse time. In order to evaluate their relative contribution, we compute the Keldysh parameter [23] , Research Article where ω 2.35 × 10 15 rad∕s is the angular frequency of the driver field, ϕ is the work function of gold (4.83 eV), and E is the electric field strength. m e and q e are the electron mass and charge, respectively. For the field enhancement in the feed gap, we compute γ 0.6, i.e., tunneling of hot electrons from the gold antennas into the vacuum becomes a possible process, which is nevertheless restricted to the feed gap. As we will detail below, the presence of electron emission initiates a sequence of processes that may eventually lead to tip-selective ablation of the gold bowtie antennas.
As predicted by the Fowler-Nordheim equation, the electron tunneling probability is [24] tE exp − 8 3
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Here ℏ is the Planck constant. For the above-mentioned field strength of 28 V/nm, about 1% of the electrons are expected to tunnel out into the vacuum within the central negative field cycles. After initial tunneling, the electrons are accelerated away from the surface, as the laser polarization is perpendicular to the surface, and the field strength is significantly enhanced in the feed gap. A portion of electrons are eventually thrown back onto the surface at the end of the subsequent half-cycle [ Fig. 5(c), black  arrow] , i.e., a process called Brunel heating [25] , as it causes additional excitation of the surface [26] . In this process, the Brunel electrons can obtain a maximum kinetic energy E kin 0.8q 2 e E 2 ∕m e ω 2 ∼ 23 eV for our experimental conditions. Some part of this energy is deposited into the electron gas at the metal surface. As a result, the excitation of surface electrons by the laser field as well as the returned energetic electrons result in a sudden potential energy of the surface atoms, which can thus be instantaneously unbound [process I in Fig. 5(d) ] [11, 12, 16, 27] . The deposited electron energy is expected to diffuse into the bulk on a subpicosecond time scale. During this temporal window, a small amount of energy can be transferred into the gold atom, and the lattice is expected to remain near room temperature. According to the Maxwell-Boltzmann distribution, the initial averaged thermal velocity of gold atoms at 300 K is 110 m/s, which does not suffice to transverse the unit cell size of gold (a 408 pm) and eject them from the surface during the subpicosecond time. Therefore, most of the transiently unbound surface atoms might be rearranged due to the change of surface tension, but they remain at the surface [11, 28] . Nevertheless, there might exist very few atoms with initial thermal velocity normal to the surface exceeding several hundred meters per second that can escape from the surface during a subpicosecond time window. Such cold ablation [29, 30] events are rather rare, occurring only after one out of a million initial tunneling events.
A second channel of gold ablation comes from the electrostatic interaction with the tunneling electrons that remain at a positive velocity in the vacuum after the femtosecond pulse [21, 31, 32] . Furthermore, the collision of returned electrons is expected to be elastic and to create secondary energetic electrons with about 40% probability [33] for the impact energy ranging from 10 to 20 eV. The escaped electrons cloud produces an electrostatic field [process II in Fig. 5(d) ] between the electrons and the positively charged surface. This induced field can accelerate and even pull the ions out of the solid if the electron energy is greater than the binding energy ε b 8.2 eV of gold ions. The time for a gold ion to acquire the binding energy, i.e., the escape time is [31] 
Here ω pe 1.3 × 10 16 Hz is the electron plasma frequency of gold, and m Au 3.3 × 10 −25 kg is the gold atom mass. Assuming a reasonable kinetic energy of an electron ε esc 10 eV for our experimental conditions, the escape time of a gold ion is estimated to be t esc 220 fs, which also indicates a cold ablation process.
In both of the above-mentioned ablation processes, only a few gold atoms or ions in the Boltzmann tail can escape, which is in agreement with our observed rather low ablation rate. For example, from the high-resolution SEM images [Figs. 2(a) and 4(g) (II, III)], we conclude that only a few nanometers of gold were removed from the tips after minutes of irradiation. In other words, one needs more than 10 10 pulses to remove several surface layers at the tips. This rate is several orders of magnitude lower than the ablation of bulk gold induced by an amplified laser at comparable peak intensities [31] . Furthermore, both ablation mechanisms take place on a time scale shorter than the electron-phonon coupling time. Therefore, the ablation process is of a nonequilibrium nature, which is also supported by our findings, i.e., no collateral thermal damage of the gold antennas was observed.
As electron tunneling and subsequent Brunel heating is a highly nonlinear optical process, the strongest ablation will certainly appear in regions with the highest field enhancement, i.e., start to erode the center of the tip [ Fig. 4(g)(II) ]. The removal of atoms in the center may lead to a decrease of the radius of curvature in off-center regions, which leaves a surface with rather homogeneous curvature and widens the effective interaction zone. Such a structural self-optimization process might increase the THG yield at the onset of irradiation [ Figs. 1(c) and 1(d)] . Furthermore, the deposition of silicon or silicon oxide in the feed gap may also act as an efficient nonlinear optical medium and contribute to the enhancement of THG. Indeed, plasmonenhanced generation of deep-ultraviolet photons from silicon has been reported very recently [10] . With further laser illumination, the ablation also occurs off-center [Figs. 2(a) and 4(g)(III)]. As a result, the tips are modified, and the radius of curvature at the tips is finally increased. The field enhancement factor gradually decreases with the increase of the curvature radius. The ablation eventually ceases when the field enhancement factor is lower than the ablation threshold. This explains the observed exponential decrease of THG and final saturation after 5 min of irradiation [ Fig. 1(b) ]. Moreover, the higher ablation rate in the tip center with respect to the off-center region also explains the rapid increase of THG at the beginning of the irradiation time, whereas it shows a slow decrease afterwards.
At atmospheric pressure, the gold atoms will experience collisions with ambient gas molecules, causing a large fraction of the gold atoms to be redirected back to the antenna surfaces. This effect is widely similar to the reduced thermal evaporation rate under non-vacuum conditions, as it is commonly exploited to reduce evaporation effects, e.g., of tungsten filaments in incandescent lamps. Therefore, the ablation rate at ambient pressure is markedly lower than in vacuum. The observed increase of the THG yield persists for several minutes in nitrogen [ Fig. 4(a) ], while it lasts only 15 s in vacuum [Figs. 1(c) and 1(d)].
CONCLUSION AND OUTLOOK
In this work, we identified surface plasmon enhanced electron emission and subsequent electrostatic interaction as the primary mechanism leading to a slow ablation process of gold plasmonic nanoantennas. While the ablation process, in vacuum, leads to a rapid reshaping that first optimizes and subsequently degrades the antennas in vacuum, we observe a longer-term self-optimization of the antenna tips under ambient pressure. It also appears possible to further reduce damage by reducing the efficiency of electron emission and recollision, e.g., by coating the structures with a dielectric film filling or by using higher gas pressure. In particular, the latter measure could be initiated after self-optimization of the nanoantennas. A second interesting aspect of this work is the rather slow ablation process, which leads to a very narrow energy distribution of the ablated atoms. This process could be exploited for generating single atoms with very well-defined velocities for spectroscopic experiments. In summary, we believe that the cold ablation process and the self-optimization of the nanoantennas open new perspectives for a number of applications in nonlinear optics, atom optics, and spectroscopy. 
